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An Acinetobacter sp., strain CNU961, with a higher
tolerance to phenol was isolated, and identified through a
set of taxonomic studies and a genetic complementation
test. Enzymatic and mutagenic studies found that the strain
dissimilate phenol by hydroxylation to catechol followed
by an ortho-ring cleavage pathway to further mineralize it.
The phenol hydroxylase, which is an inducible enzyme and
requires NADPH for optimum activity, was not inhibited
by phenol at concentrations up to 0.5 mM. The different ki-
netic behaviors of the enzyme activities on NADPH and on
phenol reflected that the phenol hydroxylase of strain
CNU961 is a multisubunit allosteric enzyme consisting of
heterogeneous polypeptides.

Acinetobacter sp.; phenol tolerance; catechol
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lase
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The pathways involved in the dissimilation of phenol
itself have received special attention,!® because they can
serve as good models for biodegradation of structurally
related phenolic compounds. Catechol, the key catabol-
ic intermediate of phenol dissimilation,® is less toxic
then its parental compound and can be widely used in
manufacturing novel pharmaceuticals, agricultural
chemicals, food additives, and even synthetic plastics.”
However, development of a microbial process for trans-
formation of phenol into this useful intermediate is still
limited since phenol is toxic to many microorganisms by
leading to significant changes in the structure and fun-
ctioning of their membranes.” Consequently, isolation
of a microorganism able to thrive in a high concentra-
tion of phenol will offer attractive opportunities for us-
ing the strain as a biocatalyst for the effective transfor-
mation as well as elimination of phenol. Therefore, the
research described herein was begun to isolate and
characterize an Acinetobacter sp. able to dissimilate
phenol optimally at concentrations which are toxic to
other microorganisms.

Several strains of bacteria capable of growing on 10
mM phenol were isolated from an industrial sewage
effluent in Kwang-Ju City, South Korea, after one
month of enrichment. Among them, a strain that had
phenotypic characteristics commonly found in
Acinetobacter, and that had the most rapid growth rate

at the expense of phenol, was selected. The selected
strain was characterized by standard taxonomic tests®
with an API 20E kit (bioMerieux SA, Marcy, I’Etoile,
France). Although some results of these tests, such as
the production of acetoin from sodium pyruvate, were
atypical, comparison of its overall characteristics with
standard taxonomic criteria led to the isolate being clas-
sified preliminarily as an Acinetobacter.”

The base composition of DNA from the CNU961 was
identified from chromatographic analysis as described
previously.® The GC content of the CNU961 was ap-
proximately 42%, which fell within the range of the GC
contents found in other Acinetobacter spp., about 20%
lower than that of Pseudomonas spp. DNA.” The genet-
ic relatedness of CNU961 with other members of
Acinetobacter was examined. A tryptophan auxotroph,
A. calcoaceticus strain ADP112, was transformed with
appropriate genomic DNA by the procedure of Juni.” It
was shown that DNA from CNU961 was able to trans-
form the strain ADP112 to a prototroph (data not
shown). This result indicated that the DNA from
CNU961 can complement the mutation(s) in ADP112 to
permit tryptophan assimilation, and that both strains
are very close at the molecular level such as patterns of
codon usage. Therefore, the isolate indeed appeared to
be a member of Acinetobacter, and was designated
strain CNU961.

The growth of CNU961 and the use of phenol were
measured in cultures supplied with different levels of
phenol. The bacterial growth in each medium was moni-
tored by measuring the optical density of each culture at
600 nm. A method using HPLC (Waters 600 Pump, Mil-
ford, MA) was developed and used for direct analyses
of residual phenol and catechol. Chromatographic ana-
lyses were done on a reversed phase C;z column with
methanol-1% acetic acid solution (40:60, v/v) as the mo-
bile phase, at a flow rate of 1 ml/min. The compounds
were monitored at 254 nm wavelength, and the identities
of phenol and catechol were confirmed by HPLC com-
parison of their retention times and absorbance spectra
with authentic standards. The CNU961 grew well with
phenol at concentrations up to 15 mMm, with complete
degradation of phenol within 24 h, as shown in Fig. 1.
After 2 days of incubation of the medium containing
phenol in an uninoculated control flask, less than 10%
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Fig. 1. Growth Kinetics of Acinetobacter sp. CNU961 and

NCIB8250 Accompanied with the Degradation of Phenol.

Samples removed at indicated times from cultures of strain
CNU961 (panel A) and NCIB8250 (panel B) grown with different
amounts of phenol were analyzed for growth (top), and residual
phenol (bottom). Phenol as a sole carbon and energy source was
added to each culture at levels of 5 mM (0), 10 mM (<), 15 mM (O),
and 20 mM (A). For panel B, phenol at concentrations higher than
5 mMm did not allow growth of strain NCIB8250.

of the phenol had escaped from the cultures, demon-
strating that the major reduction of the phenol in the cul-
tures was caused by biological activity. Recently an A.
calcoaceticus NCIB8250 able to use phenol as the sole
carbon source has been identified and characterized.”
However, when compared to that of strain CNU961, the
growth of strain NCIB8250 was significantly inhibited
by phenol above 5 mm (Fig. 1). From this result, in spite
of their similarities in catabolism and taxonomy, strain
NCIB8250 appeared much less tolerant to phenol espe-
cially at high concentrations than strain CNU961.

Apparently, increasing concentrations of phenol in
the culture of CNU961 required a prolonged lag phases
for adaptation and resulted in a delay in reaching its
maximum level of growth. However, the maximum
specific growth rate, defined as a specific growth rate at
an exponential growth phase, did not decline with the in-
creased level of phenol up to 15 mm (Fig. 1). This indi-
cated that, once adapted, the growth of the CNU961
was not inhibited by phenol up to 15 mMm. This phenol
tolerance is particularly remarkable when compared to
that of many other bacteria. Although Gurujeyalakshmi
et al.? found that one thermopbhilic Bacillus could grow
optimally on phenol at the level of 10 mMm, phenol dis-
similation at this concentration is an unusual characteris-
tic for mesophiles. When 20 mMm phenol was added to
the culture, however, growth did not occur and sig-
nificant degradation of phenol was not observed. Appar-
ently, phenol at 20 mm was too toxic to support the
growth of CNU961.

Attempts to monitor the transient accumulation of
catabolic intermediates from the phenol dissimilation
pathway of CNU961 failed. Apparently, the subsequent

1831

dissimilation of the intermediates to their final end
products occurred so fast and effectively that intermedi-
ates did not accumulate. Alternatively, the level of the
accumulated intermediates might simply be below the
limit of our detection system. In either case, the con-
struction of mutants defective in the phenol dissimila-
tion pathway appeared to be necessary for the accumula-
tion of intermediates. Cells of strain CNU961 washed
twice with a 100 mm sodium citrate buffer (pH 5.5), were
mixed with 50 ul of N-methyl-N’-nitro-N-nitrosoguani-
dine solution (MNNG, 1mg/ml) and incubated to
result in 90% death by the procedure of Miller.!” The
cells that survived were washed three times with a 10 mm
phosphate buffer (pH 7.6), and were plated on a selec-
tive medium, consisting of succinate medium containing
1 mM phenol and 1 mM p-toluidine.'® A mutant strain
of CNU961 that could not grow on phenol, but formed
dark brown colonies in the presence of succinate,
phenol, and p-toluidine was isolated and named
CNU961M. When both succinate and phenol were sup-
plied, the mutant grew well and accumulated an inter-
mediate identified as catechol (data not shown). This
result provides evidence that the first step in the dissimi-
lation of phenol is its hydroxylation to catechol and that
phenol hydroxylase is present in the CNU961 strain.
Generally, subsequent oxidation of catechol is cata-
lyzed by a dioxygenase in which both atoms of oxygen
are incorporated into the aromatic ring. The catechol is
further dissimilated in different strains by either the
ortho- or meta-fission pathway depending on its ring
cleavage.>'? The catechol dioxygenase activities of
CNU961 and CNU961M were examined to further
characterize the phenol dissimilation pathway. Enzyme
activities were measured using cells from 5-ml cultures
grown with different carbon sources, and washed twice
using 10 mm phosphate buffer (pH 7.6). The washed
cells were resuspended in phosphate buffer, and then dis-
rupted by sonication (Braun Sonic 2000, Germany). The
lysates were clarified by centrifugation and then the
supernatants were used for enzyme sources. Protein
concentrations were measured by the method of
Bradford,!? with bovine serum albumin as the standard.
Catechol 1,2- and 2,3-dioxygenase activities were as-
sayed and defined by the way of Kataeva et al. and Ngai
et al., respectively.'*! Both strains had catechol 1,2-di-
oxygenase activity, but not that of catechol 2,3-diox-
ygenase (Table 1). The appearance of catechol 1,2-diox-

Table 1. Comparison of Enzyme Activities of Acinetobacter sp.
CNU961 and CNU961M*

Activity (unit/mg protein)®

Enzyme
CNU961 CNU9% 1M
Phenol hydroxylase® 0.750 0.611
Catechol 1,2-dioxygenase® 0.422 0.058
Catechol 2,3-dioxygenase® 0 0

a Cell grown with 5 mM phenol and 10 mM succinate were used as enzyme
sources.

b One unit is defined as 1 umole of substrate conversion per minute.

¢ As described in the text.
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ygenase activity was taken as evidence that catechol is
further oxidized via the ortho-fission pathway in
CNU961. Like many other strains with the ortho-fission
dissimilation pathway, the catechol presumably under-
goes oxidation to produce cis,cis-muconate and the
resulting product is further catabolized through g-
ketoadipate to tricarboxylic acid cycle intermediates.!?
The observation that the strain CNU961M still can grow
with cis, cis-muconate as a sole carbon source supports
this hypothesis (data not shown).

The activity of phenol hydroxylase was also measured
by phenol disappearance in an assay mixture that con-
tained 1 mm NADPH and 0.5 mMm phenol in the phos-
phate buffer. The reaction was started by adding 10 ul of
enzyme extract to 1 ml of the assay mixture, and was
stopped by a serial addition of stop solutions as de-
scribed previously.? One unit of enzyme activity is de-
fined as 1umole of phenol conversion per minute.
Phenol hydroxylase activities were observed at similar
levels in both CNU961 and CNU961M strains.
However, the activity of catechol 1,2-dioxygenase of
CNU961M was significantly lower than that of the strain
CNU961 (Table 1). Therefore, it was apparent that this
partial inactivation of the catechol 1,2-dioxygenase in
CNU961M resulted in the accumulation of catechol.

The regulation of phenol hydroxylase was investigat-
ed by examining the enzyme activities of CNU961 grown
with different carbon sources. Enzyme activity in the or-
ganism grown with succinate was not apparent.
However, adding phenol to the growth medium induced
the activity of the enzyme, a result indicating that the
phenol hydroxylase is an inducible enzyme (Table 2).
This inducibility of the phenol hydroxylase resembled
that reported from other bacteria such as B. stearother-
mophilus and A. calcoaceticus NCIB8250.> However,
the induction of enzyme activity was reduced when suc-
cinate was also present in the growth medium. This sug-
gested that synthesis of the enzyme would be modulated
by one or more additional regulatory mechanisms such
as catabolite repression.

The dependence of phenol hydroxylase activity on
NADPH or phenol was measured by using the same reac-
tion mixtures with different levels of NADPH or phenol
as indicated. NADPH was found to stimulate the activi-
ty of the enzyme. Although NADH could replace
NADPH, the enzyme activity significantly decreased
(data not shown), as in other phenol hydroxylases
reported.'® The enzyme activity revealed hyperbolic de-
pendence on NADPH up to the level of 1 mM, and the

Table 2. Comparison of Enzyme Activities of Acinetobacter sp.
CNU961 Grown with Different Carbon Sources®

Activity (unit/mg protein)®

Enzyme
Phenol Succinate Phenol+ Succinate
Phenol hydroxylase® 1.016 <0.0001 0.717
Catechol 1,2-dioxygenase® 0.421  <0.0001 0.041

a Cell grown with 10 mM phenol or 10 mM succinate or both, as indicated,
were used as enzyme sources.
b Same as Table 1.
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Fig. 2. The Activity Dependency of Phenol Hydroxylase of Strain
CNU961 on NADPH and Phenol.

(A) A hyperbolic plot of the enzyme activity as a function of the
NADPH concentration. (B) Sigmoidal dependence of the enzyme ac-
tivity on varied concentrations of phenol. The Km and K, s values of
the enzyme for NADPH and phenol respectively, are indicated by
the dotted lines.

Km for NADPH was approximately 0.3 mm (Fig. 2A).
The activity dependence on phenol of the enzyme was
sigmoidal, and the K, 5 for phenol, representing the sub-
strate concentration giving half-maximal enzyme activi-
ty, was approximately 0.28 mm (Fig. 2B). Two different
types of phenol hydroxylase have been identified: single-
subunit enzymes,>'*!” and multicomponent enz-
ymes."'® Sigmoidal saturation curves of activity on phenol
reflect cooperativity in the phenol hydroxylase of
CNU961, which is often observed in allosteric enzymes.
Most allosteric enzymes have two or more subunits
rather than one single polypeptide. The different pat-
terns of activity dependency of the enzyme on NADPH
and phenol strongly suggest that the phenol hydroxylase
of CNU961 is a multisubunit protein consisting of heter-
ogeneous polypeptides. Furthermore, there was no sub-
stantial inhibition of the enzyme activity by phenol at
concentrations up to 0.5 mm (Fig. 2B). This characteris-
tic insensitivity of the enzyme to phenol inhibition
differs from that reported in other bacteria!” and appar-
ently accounts for the growth of the CNU961 in the
presence of high concentrations of phenol.

Acknowledgments

We are indebted to Drs. L. N. Ornston and W. Hillen
for providing the strains ADP112 and NCIB8250, re-
spectively.

This study was supported by grants to S. H. C. from
the Ministry of Science and Technology (95-B-01-02-A-
04), and the Ministry of Agriculture and Forestry-Spe-
cial Grant Research Program, ROK.

References

1) Ehrt, S., Schirmer, F., and Hillen, W., Genetic organization,
nucleotide sequence and regulation of expression of genes encod-
ing phenol hydroxylase and catechol 1,2-dioxygenase in
Acinetobacter calcoaceticus NCIB8250. Mol. Microbiol., 18,
13-20 (1995).

2) Gurujeyalakshmi, G., and Oriel, P., Isolation of phenol-degrad-
ing Bacillus stearothermophilus and partial characterization of
the phenol hydroxylase. Appl. Environ. Microbiol., 55, 500-502
(1989).

3) Gibson, D. T., and Subramanian, V., Microbial degradation of



4)

5)

6)

7

8)

9)

10)

11)

Phenol dissimilating Acinetobacter sp.

aromatic hydrocarbons, In ‘‘Microbial degradation of organic
compounds’’, eds. Gibson, D. T., Marcel Dekker, Inc., New
York, NY., pp. 181-252 (1984).

Shirai, K., Screening of microorganisms for catechol production
from benzene. Agric. Biol. Chem., 50, 2875-2880 (1986).
Sikkema, J., De Bont, J. A. M., and Poolman, B., Mechanisms
of membrane toxicity of hydrocarbons. Microbiol. Rev., 59,
201-222 (1995).

Smibert, R. M., and Krieg, N. R., Phenotypic characterization.
In ‘“Methods for general and molecular bacteriology’’, eds.
Gerhardt, P., Murray, R. G. E., Wood, W. A., and Krieg, N.
R., American Society for Microbiology, Washington, D.C., pp.
607-654 (1994).

Holt, J. G., Krieg, N. R., Sneath, P. H. A., Staley, J. T., and
Williams, S. T., In ‘“‘Bergey’s manual of determinative bacteriol-
ogy’’, 9th Ed., The Williams & Wilkins Co., Baltimore, MD., p.
129 (1994).

Johnson, J. L., Similarity analysis of DNAs. In ‘‘Methods for
general and molecular bacteriology’’, eds. Gerhardt, P., Mur-
ray, R. G. E., Wood, W. A., and Krieg, N. R., American Soci-
ety for Microbiology, Washington, D.C., pp. 655-682 (1994).
Juni, E., Interspecies transformation of Acinetobacter: genetic
evidence for a ubiquitous genus. J. Bacteriol., 112, 917-931
(1972).

Miller, J., A short course in bacterial genetics: a laboratory
manual and handbook for Escherichia coli and related bacteria.
In ““A short course in bacterial genetics: a laboratory manual
and handbook for Escherichia coli and related bacteria’’, Cold
Spring Harbor Laboratory Press, Cold Spring Harbor, NY., pp.
143-149 (1992).

Parke, D., Application of p-toluidine in chromogenic detection

12)

13)

14)

15)

16)

17)

18)

1833

of catechol and protocatechuate, diphenolic intermediates in
catabolism of aromatic compounds. Appl. Environ. Microbiol.,
58, 2694-2697 (1992).

Ornston, L. N., and Neidle, E. L., Subtle selection and novel mu-
tation during evolutionary divergence of f-ketoadipate pathway.
In ““The biology of Acinetobacter’’, eds. Towner, K., Begogne-
Berezin, E., and Fewson, C. A., FEMS Symposia Series, Ple-
num Press, New York, NY, pp. 201-238 (1991).

Bradford, M. M., A rapid and sensitive method for the quan-
tification of microgram quantities of protein utilizing the princi-
ple of protein-dye binding. Anal. Biochem., 72, 248-254 (1976).
Kataeva, I. A., and Golovleva, L. A., Catechol 2,3-dioxygenase
from Pseudomonas aeruginosa 2x. In ‘““‘Methods in Enzymology,
vol 188’’, eds. Lidstrom, M. E., Academic Press, New York,
NY, pp. 115-121 (1990).

Ngai, K. L., Neidle, E. L., and Ornston, L. N., Catechol and
chlorocatechol 1,2-dioxygenases. In ‘‘Methods in Enzymology,
vol 188’°, eds. Lidstrom, M. E., Academic Press, New York,
NY, pp. 122-126 (1990).

Kukor, J. J., and Olsen, R. H., Complete nucleotide sequence of
tbuD, the gene encoding phenol/ cresol hydroxylase from Pseu-
domonas pikettii PKOI1, and functional analysis of the encoded
enzyme. J. Bacteriol., 174, 6518-6526 (1992).

Neujahr, H. Y., and Gaal, A., Phenol hydroxylase from yeast:
purification and properties of the enzyme from Trichosporon
cutaneum. Eur. J. Biochem., 35, 386-400 (1973).

Takeo, M., Maeda, Y., Okada, H., Miyama, K., Mori, K., Ike,
M., and Fujita, M., Molecular cloning and sequencing of the
phenol hydroxylase gene from Pseudomonas putida BH. J. Fer-
ment. Bioeng., 79, 485-488 (1995).



